Introduction 39
Cortical spreading depression (CSD) has been subject to renewed interest over recent 40 years due to its occurrence in humans after traumatic brain injury and subarachnoid The trigger for spontaneously occurring CSD is controversial and may involve high 81 frequency electrical activity, elevated extracellular K + concentration or elevated 82 extracellular glutamate concentrations (Somjen 2001) . In this study we have used brief 83 superperfusion (about 120 s) with high K + to study the effects of CSD on membrane 84 potential and to quantify the changes in [Ca 2+ ] i in neurons in two different layers of the 85 neocortex: II/III and V. To provide a context for our measurements we have compared 86 the CSD-induced [Ca 2+ ] i rise with that induced by oxygen glucose deprivation (OGD), a 87 stimulus that frequently results in cell death. 88 89 90
Materials and Methods

91
Animals and slice preparation. Male FVB/n transgenic (GFAP-GFP; Jackson 92
Laboratories USA) or wild-type FVB/n mice aged 16 to 26 days were maintained in a 12 93 hour light/dark cycle and given free access to food and water. The use of animals was 94 approved by the Australian National University Animal Ethics and Experimentation 95
Committee. Mice were killed by rapid decapitation without anaesthesia (NEMI scientific 96 small animal guillotine) and the brain quickly removed in ice-cold modified ACSF 97 containing (mM): NaCl 125; KCl 3; NaHCO 3 23; NaH 2 PO 4 1.25; glucose 25; CaCl 2 0.5; 98 MgCl 2 6; ascorbate 1.75, and continuously bubbled with 95 % O 2 -5 % CO 2 . 300 µm 99 thick coronal slices containing hippocampus were prepared using a Vibrotome 1000 100
Plus. Slices were transferred to an incubation chamber held at 34° C and containing 101 standard ACSF with the following composition (mM): NaCl 125; KCl 3; NaHCO 3 23; 102 NaH 2 PO 4 1.25; glucose 25; CaCl 2 2; MgCl 2 1; pyruvate 3; ascorbate 2. Slices were 103 incubated for 45 minutes and then allowed to cool to room temperate for at least 30 104 minutes prior to use. Individual slices were transferred to a perfusion chamber (volume 105 ~1 ml) on the stage of an upright microscope (Olympus BX50W1) and held in place 106 using a platinum harp with nylon threads. Slices were superfused with standard ACSF 107 at a rate of 4 -4.5 ml min -1 . Bath temperature was maintained at 34 °C ± 0.5 °C using 108 an in-line heater (Warner Instruments; model TC-324B). 109 110 Electrophysiological recordings. Layer V and layer II/III pyramidal neurons located in the 111 primary motor cortex were identified visually. Patch electrodes with a resistance of 2.5 -112 5.5 MΩ (layer V) or 4.5 -7.5 MΩ (layer II/III), respectively, were pulled from borosilicate 113 glass with a wall thickness of 0.5 mm (Hilgenberg, Germany) using a Flaming/Brown 114 micropipette puller (Sutter Instruments, model P-87, USA). The patch clamp technique 115 was used in whole-cell mode to deliver the cell-impermeant form of the ratiometric 116 calcium dye Fura-4F (Molecular Probes, Eugene, OR). The K D of Fura-4F has been 117 reported as 1.0 µM (Ismailov et al. 2004 ) and 1.1 µM (Felmy et al. 2003) ; if an average 118 K D of 1.05 µM is assumed then Ca 2+ concentrations in the range 100 nM to 10 µM may 119 reliably be measured (Haugland 1992) . The intracellular solution contained (mM) K-120 gluconate 115; KCl 20; NaCl 8; HEPES 10; Na 2 ATP 1; NaGTP 0.3; MgCl 2 2; Fura-4F 121 0.05. Current-clamp recordings commenced 20 minutes after breakthrough into whole 122 cell recording mode. Initially, the spiking characteristics of the neuron were digitized at 2 123 kHz with a Digidata 1322A (Molecular Devices, USA) and recorded using pClamp 124 software (version 9.0; Molecular Devices, USA). Thereafter, responses to solution 125 per measurement. Electrophysiological recording was initiated at time zero on a master 137 clock and times of image collection were recorded from this master clock. This means 138 alignment of the two types of data is accurate to within about 1 sec. The significant cell 139 swelling that occurs in the wake of the depolarisation associated with CSD and OGD 140 required regular refocussing of the image and therefore images were taken 141 intermittently rather than at pre-set intervals. The use of a ratiometric indicator provides 142 a calcium measurement which is considered to be independent of cell volume changes 143 showed that if the average pixel intensity fell below 60 it no longer correlated with 159 calcium concentration. Therefore, data were discarded if fluorescence decreased below 160 this level. 161 162 R max was determined by using the patch electrode to equilibrate the cell with a very high 163 calcium concentration (50 mM), as has been described previously (Schiller et al. 1995) . with a minimum of 75% compensation (average = 80 ± 0.5%). When the command 197 voltage was -30 mV the average current amplitude was 0.9 nA, giving a small voltage 198 correction of 1.6 mV. However, a command voltage of +5 mV resulted in an average 199 current of 11.1 nA. This is associated with a voltage correction of 19.4 mV. As a result, 200 the membrane potential of the cell would have been held at is estimated at -15 mV. The 201 corrected voltages, rather than command voltages, are given in this paper. 202 203 Statistical Analysis. All values presented are means ± standard deviation. We used 204 regression analysis to model the data (peak [Ca 2+ ] i and Ca 2+ integral) using cell type 205 (layer V and layer II/III) and treatment (CSD and OGD) as main effects and cell type by 206 treatment interaction. This primary analysis showed a significant difference between the 207 four groups (p < 0.001) for both the peak and integral. For post-hoc analysis least 208 significant difference (LSD) was used to compare individual groups at the 5% level. 209
Where this is reported the relevant LSD required to reach significance at this level is 210
given. Where data pertained to only two groups unpaired Student t-tests were used and 211 p ≤ 0.05 was considered significant. 212 213 214
Results
216
Layer V pyramidal neurons had an input resistance of 47.8 ± 7.8 MΩ and resting 217 membrane potential of -66.1 mV ± 2.5 mV, which is consistent with values reported for 218 these cells in rodents of a similar age (Cho et al. 2004; Franceschetti et al. 1998 ). In 219 response to depolarising current steps all neurons displayed a regular spiking pattern 220 (Connors and Gutnick 1990) . 221
222
In these experiments, involving submerged slices in order to measure [Ca 2+ ] i using 223 submerged microscope lenses, we initially attempted to induce CSD by local injection of 224 K + . However, this proved to be an unreliable stimulant and therefore all the results we 225 report here involved initiation of CSD by superperfusion with high K + solution for 2 226 minutes (see also Anderson & Andrew, 2002) . This induced a biphasic change in 227 membrane potential. In the initial phase, neurons (n = 34) depolarized to -31 ± 5.8 mV 228 over 68 ± 15 s from the moment of solution change. This was followed by a rapid 229 depolarization to -1.5 mV ± 1.4 mV over 12 ± 3.4 s (n = 12). This later phase occurred in 230 close temporal proximity to the negative shift in the DC potential. That this final rapid 231 depolarization represented CSD was confirmed by its blockade by 40 µM the non-232 competitive NMDA receptor antagonist MK-801. In contrast, the slow depolarization to ~ 233 -30 mV was unaffected by MK-801 (inset, Figure 2 ). Therefore, the amplitude of the 234 CSD-induced depolarization in layer V neurons can be stated as being the rapid phase 235 of depolarization following the depolarization induced by K + , and in these experiments it 236 averaged 29.2 ± 0.5 mV. 237
238
The interval between the rapid shift in V m and the DC potential was 5.3 ± 2.6 s. As the 239 distance between the two electrodes averaged 750 µm this corresponds to an estimated 240 response to CSD. To more closely mimic the depolarization pattern that cells undergo in 260 response to CSD, the voltage step protocol was modified to include a 30 s plateau at ~ -261 32 mV before a further step to ~ -15 mV. The step depolarization to ~ -32 mV resulted in 262 an increase in [Ca 2+ ] i from 32 ± 14 nM to 0.39 ± 0.24 µM (n = 10). In cells that 263 underwent CSD, the [Ca 2+ ] i associated with the plateau at ~ -30 mV was significantly 264 lower, being 0.21 ± 0.10 µM (p = 0.03). Stepping the membrane potential from ~ -32 mV 265 to ~ -15 mV resulted in a further increase in [Ca 2+ ] i to 1.61 ± 0.20 µM, similar to the 266 CSD-induced peak (p = 0.16) and to that induced by the step from -70 mV to ~ -15 mV 267 (p = 0.22). 268 269
In Layer V neurons OGD results in a greater increase in [Ca 2+ ] i than CSD 270
Layer V neurons showed a characteristic response to OGD: after a latency of several 271 minutes the neurons hyperpolarized by an average of 2.6 ± 1.1 mV, which was followed 272 by a sudden (anoxic) depolarization (AD) to -4.3 mV ± 4.0 mV (n = 13). The mean time 273
to occurrence of the rapid depolarization was 13.0 ± 2.5 min. 274
275
The peak [Ca 2+ ] i in response to AD was 3.76 ± 0.80 µM, significantly greater that the 276 peak [Ca 2+ ] i (1.81 µM ± 0.70 µM) resulting from CSD (p < 0.0001). After changing the 277 perfusate back to the standard ACSF (when membrane potential reached -10 mV), 278
[Ca 2+ ] i remained elevated and the membrane potential did not return to rest (Figure 4) . 279
This is in stark contrast to CSD where recovery of both these parameters occurred. The other striking effect of MK-801 in AD was the nearly complete repolarization to 298 resting membrane potential in seven of ten neurons ( Figure 5 ). Two of the remaining 299 three neurons showed a partial repolarization to ~ -50 mV, while repolarization of the 300 third neuron could not be followed due to dislodgement of the patch electrode. Linden and Lopes da Silva 1998). The estimated basal [Ca 2+ ] i was 40 ± 23 nM. All of the 308 layer II/III neurons used in these studies displayed a regular spiking firing pattern 309 (Connors and Gutnick 1990) . 310
311
A biphasic depolarization, similar to that seen in layer V neurons, occurred with 312 induction of CSD with high K + . Layer II/III neurons took an average of 74 ± 15 s from the 313 moment of solution change to depolarize to -33 ± 3 mV (n = 9). The K + -induced 314 depolarization was associated with a peak [Ca 2+ ] i of 0.31 ± 0.36 µM. The rapid 315 depolarization that followed shifted membrane potential a further 29.4 ± 1.8 mV to -1.4 ± 316 1.2 mV in 8 ± 3 s ( Figure 6 ). This was significantly faster than CSD in layer V neurons (p 317 = 0.003). The depolarization was accompanied by an increase in [Ca 2+ ] i to 2.88 ± 0.61 318 µM, a significantly higher peak value than that measured in layer V neurons in response 319 to CSD (p = 0.01). 320 321 Due to substantial cell swelling during CSD in the relatively small layer II/III neurons, the 322 patch electrode usually became loose during the recovery phase. This made it 323 impossible to follow the recovery from CSD as the measurements of V m were unstable 324 and there was rapid loss of the fluorescent indicator. To bypass this problem, in a 325 second group of slices CSD was induced with only the DC electrode in place. Seven to 326 12 minutes after induction of CSD a layer II/III neuron was then patched. In such a 327 group of neurons the average resting membrane potential was -77.1 ± 3.6 mV (n = 7), 328 very close to the average resting potential of layer II/III neurons that had not been 329 exposed to CSD (-76.7 ± 2.3 mV; n = 8; p = 0.4). This indicates that layer II/III neurons, 330 like layer V neurons, fully repolarize following a single episode of CSD. The input 331 resistance of cells subjected to a single CSD was 116 ± 32 MΩ, not significantly 332 different from layer II/III neurons that had not undergone CSD (111 ± 22 MΩ; unpaired 333
Student's t-test). The resting [Ca 2+ ] i of layer II/III neurons previously subjected to CSD 334 was 15 ± 11 nM, compared with 45 ± 25 nM in cells which had not been exposed to 335 CSD. Statistical comparison of the resting [Ca 2+ ] i was not made, due to the inaccuracy 336 of measurement of Ca 2+ concentrations below 100 nM when using a low affinity 337 indicator such as Fura-4F (see Methods). However, the measured values of resting 338 membrane potential and input resistance suggest that layer II/III pyramidal neurons fully 339 recovered following a single episode of CSD. 340 341
In layer II/III neurons CSD and OGD cause similar increases in [Ca 2+ ] i 342
Three of the 11 layer II/III cells studied during OGD showed a pattern of depolarization 343 very similar to that seen in layer V neurons ( Figure 7A ), although the initial 344 hyperpolarisation only occurred in one of these cells. The other eight neurons showed a 345 triphasic pattern to their depolarization whereby the cell partially depolarized to -31 ± 12 346 mV and then partially repolarized to -52 ± 11 mV before more rapidly depolarising to -347 2.1 ± 1.6 mV ( Figure 7B) . 348
349
The peak [Ca 2+ ] i arising from the complete depolarization associated with AD across all 350 11 layer II/III neurons was 2.35 ± 0.98 µM. This was similar to the peak [Ca 2+ ] i resulting 351 from CSD in these neurons, but it was significantly lower than the peak [Ca 2+ ] i measured 352 in layer V neurons during AD (3.76 ± 0.76 µM; p = 0.0006). Interestingly, the three layer 353 II/III neurons that displayed a layer V-like monophasic depolarization had the largest 354 increases in [Ca 2+ ] i , averaging 3.45 ± 0.32 µM, significantly higher than the subset of 355 these cells with a triphasic depolarizing pattern (1.94 ± 0.79 µM; p = 0.01). 356
357
Again, the significant cell swelling that occurred with OGD caused the patch electrode to 358 become loose in the majority of layer II/III neurons after AD. As a result, determination 359 of the Ca 2+ integral was not possible. Since layer V neurons did not recover from OGD 360 despite prolonged recordings, we did not attempt to make whole cell recordings to 361 monitor recovery from a first episode of OGD. 362
363
In summary, both layer V and layer II/III neurons displayed a biphasic depolarization in 364 response to CSD but the peak [Ca 2+ ] i was significantly greater in layer II/III neurons. 365
While OGD induced a full depolarization in all cells, its trajectory was different from that 366 of CSD. In Layer V neurons the peak [Ca 2+ ] i associated with AD was significantly 367 greater than the peak [Ca 2+ ] i associated CSD. However, in layer II/III neurons there was 368 no significant difference in peak [Ca 2+ ] i associated with AD and CSD (Table 1) . 369 370 371
Discussion 372
The novel finding of this study is that CSD induced a significantly greater peak [Ca 2+ ] i in 373 the soma of layer II/III neurons (~2.9 µM) compared with layer V neurons (~1.8 µM). 374
One explanation of this finding is that it reflects the reported higher density of NMDA 375 receptors in layer II/III (Monaghan and Cotman 1985) . Other possibilities include 376 differences in efficacy and capacity of intracellular buffering Ca 2+ buffering, differences 377
in Ca 2+ influx (e.g. density of VGCCs, non-specific cation channels and of transporters) 378 or simply that the smaller size of layer II/III neurons leads to a higher peak [Ca 2+ ] i . 379
Finally, it may result from the faster CSD depolarization that occurs in layer II/III 380 neurons. The faster the depolarization, the fewer voltage-gated Ca 2+ channels (VGCC) 381 will inactivate and thus Ca 2+ influx will be maximised. The importance of this possibility 382 is demonstrated in two ways by the data from the voltage-clamp experiments. Firstly, in 383 layer V neurons a voltage step from -70 mV to ~ -30 mV resulted an increase in [Ca 2+ ] i 384 to about 400 nM, double that measured in response to the slower K + depolarization. And 385 secondly, most of the Ca 2+ influx that occurred in layer V neurons during CSD appears 386 to have its origin in entry through VGCC along with any associated Ca 2+ -induced Ca 2+ 387 release from intracellular stores since there was no significant difference in the peak 388 receptors will occur at synaptic sites, that is, on the dendrites. Based on experiments 394 concerned with long term potentiation, spread of Ca 2+ from the synapse to the cell soma 395 only occurs with repeated high frequency firing (Raymond and Redman 2006) . In CSD 396 such a pattern of firing is not expected because the very rapid and full depolarization will 397 inactivate voltage-gated Na + channels and rapidly abolish excitability. This is consistent inhomogeneities of responses in future. 417
Our values of peak [Ca 2+ ] i during CSD indicate that it induces a substantial Ca 2+ load in 419 layer V and layer II/III neocortical neurons, although less than that reported for 420 hippocampal CA1 neurons (Dietz et al. 2008 ). However, [Ca 2+ ] i rapidly returned to <100 421 nM levels and membrane potential returned to, or close to, the initial resting value. Such 422 a transient change in the [Ca 2+ ] i may be sufficient to initiate neuroprotective responses, 423 as has been demonstrated through calcium-induced preconditioning of the response of 424 hippocampal neurons to OGD (Bickler and Fahlman 2004) . In that study increases in 425 cytoplasmic Ca 2+ of 100-400 nM for 1 hr prevented neuronal death from a subsequent 426 45 minute exposure to OGD. This is equivalent to a Ca 2+ load of 0.24-1. CSD is likely to be necessary for neuroprotection against any tissue hypoxia or 436 ischemia that may arise, and probably against further CSD. 437
438
In OGD, the increase in [Ca 2+ ] i was larger in layer V than layer II/III neurons except in 439 those layer II/III neurons that depolarized suddenly and in a manner similar to layer V 440 neurons. Thus, rapid depolarization appears to be an important contributor to the Ca 2+ 441 load in both CSD and OGD. However, previous studies in CA1 neurons of the 442 hippocampus have demonstrated dysfunction of the Ca 2+ -ATPases located on the 443 membrane of the ER as a major source of [Ca 2+ ] i elevation during OGD (Grondahl et al. the NMDA R excitatory postsynaptic potential (Flint et al. 1997) . 466 467 OGD caused a greater peak increase in [Ca 2+ ] i , and a much greater calcium integral 468 over 6 mins from depolarization in these neurons compared with CSD, reflecting the fact 469 that [Ca 2+ ] i remained elevated following OGD, despite return to standard ACSF. The 470 high energy dependence of calcium homeostasis may explain why OGD -which 471 compromises ATP production -caused a significantly greater increase in [Ca 2+ ] i than 472 CSD, despite the fact that both conditions resulted in neuronal depolarization to ~ 0 mV. 473
In addition to a major role in ATP production, mitochondria are also known to act as 474 intracellular calcium stores, with both of these functions being dependant on the 475 potential across the inner mitochondrial membrane (Δφ m ). During OGD, Δφ m has been 476 shown to dissipate, thus compromising both production of ATP and sequestration of 477 calcium (Larsen et al. 2005) . However, in the same study the authors noted neurons 478 maintained their mitochondrial function during glutamate exposure. These results 479 suggest that Δφ m could be maintained during CSD, but not OGD, and that the smaller 480 increase in [Ca 2+ ] i observed in CSD is in part due to lack of mitochondrial Ca 2+ release 481 and also due to the fact that ATP production is not compromised by imposed oxygen 482 deprivation. It should be noted though, that Bahar et al (2000) , suggest partially 483 compromised mitochondrial membrane potentials in both normoxic and hypoxic CSD. 484
485
We also observed that after OGD the membrane failed to repolarize except in the 486 presence of MK-801. This result confirms a similar demonstration in hippocampal CA1 487 neurons (Rader and Lanthorn 1989; Yamamoto et al. 1997 ) and fits neatly with a 488 sustained activation of NMDA receptors due to the prolonged elevation of extracellular 489 glutamate that occurs following energy compromise (Davalos et al. 1997; Hagberg et al. 490 1985) . Restoration of membrane potential in the presence of MK-801 suggests that loss 491 of membrane integrity had not occurred despite the anoxic depolarization and that the 492 neurons were therefore probably not irreversibly injured (although a later neuronal death 493 cannot be excluded). 494
495
In summary, layer V and layer II/III neurons differed in their response to both CSD and 496 OGD. In layer V, AD caused a significantly greater increase in [Ca 2+ ] i than CSD, 497
whereas there was no significant difference between these values in layer II/III. The 498 peak [Ca 2+ ] i in response to CSD was significantly higher in layer II/III neurons than layer 499 V neurons, which may be due to the higher density of NMDA receptors in this layer, the 500 more rapid depolarization of layer II/III neurons and their smaller size. Although the CSD 501 induced effects on [Ca 2+ ] i and membrane potential were largely transient, the basal 502
[Ca 2+ ] i appeared to be slightly elevated following CSD, raising the possibility that there 503 may be longer term consequences. 
766
The Ca 2+ integral could not be determined (N.D.) for layer II/III neurons due to 767 dislodgement of the patch pipette. Values presented are mean ± S.D. Layer II/III, OGD
